A dual redox process involving Ti 3+ /Ti 4+ cation species and S 2-/(S 2 ) 2anion species is highlighted in oxygenated lithium titanium sulfide thin film electrodes during lithium (de)insertion, leading to a high specific capacity. These cathodes for all-solid-state lithium-ion microbatteries are synthesized by sputtering of LiTiS 2 targets prepared by different means. The limited oxygenation of the films that is induced during the sputtering process favors the occurrence of the S 2-/(S 2 ) 2redox process at the expense of the Ti 3+ /Ti 4+ one during the battery operation, and influences its voltage profile. Finally, a perfect reversibility of both electrochemical processes is observed, whatever the initial film composition. All-solid-state lithium microbatteries using these amorphous lithiated titanium disulfide thin films and operated between 1.5-3.0 V/Li + /Li deliver a greater capacity (210-270 mAh g -1 ) than LiCoO 2 , with a perfect capacity retention (-0.0015 % cycle -1 ).
1. Introduction
The development of self-powered nomadic, wearable or implantable miniaturized electronics devices, boosted by the growing interest for the Internet of things (IoT), is made possible by the progress in the development of highly integrated and low power consumption components (MEMS, CMOS, transmitters), but is finally often faced with the lack of suitable energy storage solutions. Indeed, these new applications demand particular features for the embedded power source in terms of thickness, footprint, flexibility, safety, capacity and voltage, which cannot be fulfilled in particular by conventional batteries. Optimized solutions for part of these needs should be found among thin film batteries (primary or secondary) based on different chemistries (Zn/Polyaniline, Zn/MnO 2 , Li/LiCoO 2 ,…) or obtained by different manufacturing processes (ink-jet printing, screen printing, tape casting, sputtering,…). 1, 2 All-solid-state thin film batteries, manufactured by sequential deposition of thin films using vacuum deposition techniques such as sputtering, are particularly attractive when a reduced footprint, a very low thickness, a thermal and mechanical resistance and/or a high integration with microelectronic components is required. In this context, all-solid-state thin film batteries, also called microbatteries, are becoming emerging power sources in the microelectronics industry nearly 30 years after the achievement of the first proofs of concept. [3] [4] [5] [6] [7] [8] [9] Contrary to bulk-type lithium batteries, metallic lithium is usually used as the negative electrode in all-solid-state lithium microbatteries, since the solid glassy electrolyte (typically LiPON) is able to prevent the formation of lithium dendrites during the charge. 10 Nevertheless, the deposition of lithium thin films at the industrial scale is actually a real issue. In addition, the presence of metallic lithium in the cells limits their thermal resistance, making them for instance incompatible with the reflow soldering process used to connect the electronic component on the printed circuit board.
Therefore, lithium-ion or 'lithium-free' cell designs, 11, 12 and consequently lithiated materials at the positive electrode, are preferably envisaged for microbatteries with improved performance. In this context, the aim of this study was to develop a new lithiated positive electrode material with possible 3 advantages over the widespread LiCoO 2 cathode material. [13] [14] [15] [16] [17] The latter comprise in particular a lower operating voltage (∼ 2V) more adapted to energy harvesting components and low power consumption CMOS circuits, the absence of a compulsory post-deposition annealing and a slightly higher volumetric capacity (≥ 67 µAh.cm -2 µm -1 ). Previous work achieved on thin film cathodes synthesized by sputtering of a titanium sulfide (TiS 2 ) target has already highlighted that insertion/deinsertion of lithium in the resulting amorphous materials is highly reversible in the voltage range [1-3 V/Li + /Li] and lead to a high volumetric capacity. 18 This work is therefore devoted to the synthesis of lithiated titanium disulfide thin films electrodes (theoretical capacity: 225 mAh g -1 , 68 µAh cm -2 µm -1 ) prepared by sputtering of a LiTiS 2 target, then to their physico-chemical characterization, and to the investigation of their electrochemical behavior in all-solid-state lithium microbatteries.
Experimental Section
Preparation of sputtering targets: LiTiS 2 sputtering targets were synthesized by three different ways.
The first route (referred as R1) consisted in the chemical intercalation of lithium into TiS 2 using a nbutyl lithium reagent. 19 This preparation was performed at room temperature in an argon-filled glovebox containing less than 1 ppm H 2 O. A solution of 1.6 M n-butyl lithium in anhydrous hexane was added dropwise into a vessel containing dry hexane and dispersed TiS 2 powder (Aldrich, 99.9 %), so that a 50% excess of n butyl-lithium at a concentration of 0.2 M was reached at the end.
Then, the suspension remained stirred during one week. The resulting fine powder was then filtered, rinsed using anhydrous hexane and dried under vacuum at 100°C. About 8 g of LiTiS 2 were prepared at a time. Solid state reaction of a mixture of TiS 2 (Aldrich, 99.9%, 1 µm), Ti powder (Alfa Aesar, 99.9%, 150 mesh) and Li 2 S (Alfa Aesar, 99.9%) with a molar ratio 3:1:2 was used as an alternative route (referred as R2) and allowed the preparation of larger batches of LiTiS 2 . 20 Precursors were ground together using a planetary ball-mill and an argon-filled agate jar, prior being annealed under argon. All material transfers were carried out without any air exposure. Both sputtering targets (50 4 mm diameter, ∼ 3 mm thick) were prepared from about 15 g of LiTiS 2 powder prepared either by chemical reaction or solid state reaction. Targets were obtained by cold pressing at 60 MPa in a cylindrical stainless steel die inside the glove box. The one from LiTiS 2 precursor prepared by solid state reaction was further annealed at 425°C under argon during 24 h. A third route (referred as R3) consisted in applying the spark plasma sintering (SPS) technique directly to a mixture of TiS 2 , Ti and Li 2 S precursors in a graphite mold (all the precursors were introduced in the mold inside a glovebox).
Preparation of thin film electrodes: Lithium titanium sulfide thin films were prepared from these three different types of targets by radio-frequency magnetron sputtering, using an equipment (Plassys) connected to an argon-filled glove box. Before deposition, the sputtering chamber was evacuated to a background pressure of less than 6.10 −7 Pa, then filled with high purity argon (99.9999%). Prior to each deposition, sputtering of a titanium target was performed on the shield to trap oxygen traces present in the chamber, then a pre-sputtering of the LiTiS 2 target was systematically carried out for 1 hour. All depositions were performed with no intentional heating/cooling of the substrate.
In order to compare the physicochemical and then the electrochemical properties of lithium titanium sulfide thin films prepared from the different LiTiS 2 targets, standard deposition conditions were defined as follows: pure argon as the discharge gas, a power of 1.27 W cm -2 , an argon flow of 20 cm 3 .min -1 , a total pressure of 0.5 Pa and a target-substrate distance of 100 mm. These conditions were chosen to limit the incorporation of oxygen in the film and to facilitate the deposition of Li species. The latter are based on theoretical considerations, previous work dealing with the synthesis of TiO x S y thin films from TiS 2 targets, 21 and of a preliminary study assessing the influence of the total pressure on the electrochemical behavior of the films synthesized from LiTiS 2 prepared by chemical reaction (see supplementary information Figure S1 ).
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Manufacture of all-solid-state microbatteries: All-solid-state microbatteries having an active area of 7 or 25 mm 2 were manufactured by sequential deposition of thin films either on passivated 4'' silicon wafer (Siltronix) or on 4'' glass wafer (Schott) substrates. The typical active stack was W (250 nm)/ Li-Ti-S (0.5-1.0 µm)/LiPON (1.4 µm)/Li (3 µm), using the deposition conditions for W, LiPON and Li reported previously. 22 Photolithography was used to pattern the first level (W current collector); subsequent materials were deposited using shadow masking. At the end, wafers were capped with a polymer and a glass plate to protect the microbatteries from air and moisture.
Physicochemical characterization of materials:
The chemical composition of Li-Ti-S thin films was determined by combining Rutherford backscattering spectroscopy (RBS) and Inductive coupled plasma (ICP) measurements (Table 1) . RBS analysis was achieved at a backscattering angle of 150° using an incident beam of 4He + ions with an energy of 2 MeV. The spectra were analyzed with the SIMNRA software. 23 For that purpose, 100 nm thick films were deposited onto vitreous carbon substrates. As lithium is not detected by RBS, the Li/Ti lithium content in the film was obtained using an inductively coupled plasma-optical emission spectrometer ICP-OES (Varian 720ES) using the following emission lines: λ = 670.78 nm for Li, at λ = 368.52 nm for Ti. Thin film samples deposited on the glass substrate were dissolved in 10 ml of HCl, then a small amount of the resulting solution was introduced in the spectrometer. The homogeneity of the film composition over the thickness was checked by Auger electron spectroscopy (VG Microlab 310 F) for samples deposited onto silicon wafers.
XPS measurements were carried out with a Thermo Scientific K-Alpha X-ray photoelectron spectrometer using a focused monochromatic Al Kα radiation (hν = 1486.6 eV) in order to determine the nature and the local environment of mainly Ti and S species. Besides, air-tight glass containers were systematically used to transfer thin film samples from the sputtering chamber to the glove-box filled with purified argon and connected directly to the XPS spectrometer, in order to avoid the contamination of the surface. For the Ag 3d 5/2 line the full width at half-maximum (FWHM) was 0.50 eV under the recording conditions. The X-ray spot size was 400 µm. Peaks were recorded with constant pass energy of 20 eV. The pressure in the analysis chamber was less than 2.10 -8 Pa. Short acquisition time spectra were recorded at the beginning and at the end of each experiment to check that the samples did not suffer from degradation during the measurements. Peak assignments were made with respect to reference compounds analyzed in the same conditions. The binding energy scale was calibrated from the hydrocarbon contamination using the C 1s peak at 285.0 eV. Core peaks were analyzed using a nonlinear Shirley-type background. 24 Peak positions and areas were optimized by a weighted least-squares fitting method using 70% Gaussian and 30% Lorentzian line shapes. Quantification was performed on the basis of Scofield's relative sensitivity factors. 25 Analyses of lithiated/de-lithiated thin films were performed on electrode materials deposited on an aluminum foil and charged at 3.2 V/Li + /Li or discharged at 1.5 V/Li + /Li in button cells using a liquid electrolyte (EC:DMC 1:1, 1M LiPF 6 , Novolyte). Mechanical erosion under ultrahigh vacuum was achieved before carrying out the analyses in order to remove the SEI (Solid Electrolyte Interphase) covering the surface of the thin-film electrode. This method is used instead of ionic bombardment because the latter is likely to induce a reduction of elements present in the electrode material. X-ray diffraction was carried out with a Brucker D8 Advance diffractometer in Bragg-Bretano geometry using an air-tight cell filled with argon.
Electrochemical characterization of materials: Electrochemical measurements were performed using a VMP3 galvanostat-potentiostat (Bio-Logic) with channels equipped for electrochemical impedance spectroscopy (EIS) analysis. Preliminary electrochemical characterization of lithiated titanium sulfide thin films was carried out with a liquid electrolyte using 2032 button cells. These cells were assembled in a glove box under argon atmosphere using the thin film deposited on an aluminum disc as the positive electrode, a polypropylene non-woven (Viledon FS2123, Freudenberg) and a microporous polypropylene film (Celgard 2400) as separators, a lithium foil (battery grade, Chemetall Foote) as the negative electrode and a liquid electrolyte 1M LiPF 6 in EC:DMC 1:1 (Novolyte). Aluminum substrates were weighted in the glove box before and after thin film deposition using a microbalance (0.1 µg accuracy).
All-solid-state microbatteries were electrically connected to the apparatus using shielded miniature probe heads (Cascade Microtech) and tungsten tips. Considering the microbattery design, measurements were performed using a two electrode set-up. Both the apparatus and microbatteries were kept at a controlled temperature of 25°C during measurements. The mass of electrode materials used in these microbatteries (∼ 50 µg) were estimated a priori from the area of the pattern and the positive electrode thickness. Nevertheless, due to shadowing effects, the actual film thickness is actually lower at the edges of the pattern, hence the actual mass was systematically under-estimated.
In order to determine more precisely the latter, a calibration was performed a posteriori on the basis of the specific capacity obtained for the first charge performed in button cells. The evolution of the open circuit voltage and the impedance of the microbatteries as a function of their state of charge (or the lithium content in the lithium titanium thin film electrode) were measured using the Galvanostatic Intermittent Titration Technique (GITT). The latter consisted in iterating sequences comprising a constant current pulse (2 µA cm -2 , ∼5% capacity increment), followed by a 4 hours rest period and then by EIS measurements (voltage amplitude ∆E = ± 10 mV, frequency range 100 MHz -10 mHz). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   8 3. Results and discussion
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LiTiS 2 compounds and related sputtering targets
Sputtering targets of LiTiS 2 composition were synthesized via three distinct routes. The first one required the preparation of a LiTiS 2 powder by chemical lithiation of TiS 2 using n-butyl lithium (route R1). The characterization of the resulting product by X-Ray diffraction ( Figure S2a) confirmed the synthesis of a pure 1T-Li x TiS 2 phase, having the following refined hexagonal cell parameters a = b = 3.4501(2) Å, c= 6.1928(3) Å (P-3m1 space group). Therefore, the latter values confirm the full lithiation of the TiS 2 precursor and the achievement of the LiTiS 2 composition in agreement of the ICP analysis. 26 Besides, it was found that this LiTiS 2 powder retained the same plate-like shape of the pristine TiS 2 particles. As a consequence, the cold compaction carried on this anisotropic powder for shaping the target leads to a maximum compactness of only 61% (1.94 g cm -3 ). Then, although LiTiS 2 is known to be thermally stable at least up to 800°C either under its 1T or 3R structural type, 20, 27 additional conventional sintering aiming at increasing the compactness of the target was not conceivable due to the high chemical reactivity of the material.
An alternative route for the preparation of a LiTiS 2 target by solid state reaction of TiS 2 , Li 2 S and Ti powdered precursors (route R2) was also investigated in the prospect for the preparation of larger targets. The course of the reaction was followed by ex situ XRD on pelletized samples annealed under argon during 20 hours between 400°C and 600°C. The corresponding diffraction patterns ( Figure S2b 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   9 formation of oxide impurities. The resulting density of the R2 target was estimated to ∼1.60 g.cm -3 , which corresponds to a compactness of 52%. Finally, we had the opportunity to prepare a third target by spark plasma sintering using the same precursors. As expected, the rapid thermal annealing at 600°C of the TiS 2 , Ti, Li 2 S blend then led to the preparation of a denser target (2.8 g cm -3 , i.e. ~ 91% compactness).
Physico-chemical properties of lithium titanium sulfide thin films
Lithium titanium sulfide thin film deposition using the same standard sputtering conditions (see experimental section) for each target leads to conventional deposition rates between 4.8 and 5.4 nm.min -1 , the highest one being achieved consistently with the denser target. SEM images ( Figure   S3 ) show that the resulting thin films exhibit a dense morphology and a very smooth surface that are well-adapted to the sequential process of manufacture of all-solid-state thin film batteries. All the films exhibit an amorphous character (XRD) and similar densities of 2.8 ± 0.1 g cm -3 . Chemical analyses by RBS and ICP-OES lead to the following film compositions (Table 1) given on Figure S4 . The chemical homogeneity of these films was confirmed by Auger spectroscopy depth profiling. Therefore, as for thin films deposited by sputtering from a TiS 2 target, 21 it was found again that, despite all precautions taken to avoid oxygen contamination, a small oxygen amount is actually incorporated in the films. Titanium is indeed highly reactive even under high vacuum, a residual fraction of 0.7% of O 2 in the discharge gas being typically sufficient to fully oxidize Ti into TiO 2 . 28 Nevertheless, since the amount of oxygen in the R3 film is only half of the oxygen content in the R2 film, it is clear that the density of the sputtering target influences also the oxygen incorporation in the film, a denser target leading to a lower oxygen content. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 and (e,f) R3 targets using standard sputtering conditions.
The Ti2p spectrum of the R2 film exhibits the three same environments for titanium ( Figure 1c) (sulfur, mixed oxygen-sulfur and oxygen environment) in relative amounts of 48%, 27% and 25% (Table S1 ). As for the R1 film, the S2p 3/2-1/2 spectrum (Figure 1b ) clearly evidences the presence of only S 2ions. Note that a small component attributed to sulfate ions is detected at 169.7-170.9 eV, probably corresponding to contamination. As expected from the Li 0.6 TiO 0.6 S 1.8 film composition, XPS analysis is also consistent with a full Ti 4+ content. Consequently, as in Li 2-x FeS 2 materials, [29] [30] [31] further electrochemical lithium de-insertion from these electrodes should necessarily involve the oxidation of anionic species.
In the case of the R3 film, in addition to the doublets corresponding to Ti 4+ ions in the three types of environments (TiS 2 -TiS 3 25%, TiOS 14%, TiO 2 38%), the Ti2p 3/2-1/2 XPS core peak (Figure 1e 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   12 probably Ti 3+ ions. Moreover, the S2p 3/2-1/2 core peak ( Figure 1f (Table S2) show that the S 2 2-/S 2ratio is higher in the fully oxidized R1 electrode than in the R2 one; this is consistent with the higher delithiation capacity theoretically expected from the initial film compositions (Li 1.2 TiO 0.5 S 2.1 for R1, Li 0.6 TiO 0.6 S 1.8 for R2) and also from the actual capacity measured during the first charge (Figure 2d ). Compared to pristine materials, only a slight evolution of the Ti2p 3/2-1/2 core peaks occurs during the charge, the latter being connected to a small variation of the proportion of the three Ti 4+ environments. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 The first oxidation of the electrode prepared with the R3 target, starting from a significantly lower OCV, hence from a more reduced state compared to the two others, is characterized by a quite progressive increase of the current ending with a more marked peak at around 2.6 V/Li + /Li attributable to the S 2-/S 2 2reaction ( Figure 2c ). Indeed, as deduced from the S2p 3/2-1/2 core peak 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 ( Figure 3 ), it is also found here that the proportion of S 2 2species is significantly higher in the fully charged sample (40%) than in the pristine material (17%). Therefore, the first oxidation stages must be related to the oxidation of Ti 3+ initially present in the material into Ti 4+ ; then, titanium and sulfide-based processes partially overlap during the continuation of the oxidation and also during the subsequent reduction. Regarding the Ti2p 3/2-1/2 core peak spectrum, it reveals the disappearance of the 'Ti 3+ ' doublet and presence of a majority of TiO 2 -like environments (89%) that is quite surprising.
The latter point and the increase of the 'TiO 2 ' contribution in discharged R1 and R2 electrodes ( Figure 3 ) suggest that extra 'TiO 2 ' species are spontaneously formed when Ti 3+ species are in contact with the liquid electrolyte. The same reaction is likely to occur when the pristine R3 film is immersed in the liquid electrolyte, causing a spontaneous 'TiO 2 ' enrichment at the surface that remains once the electrode is charged. Indeed, as it has been already evidenced for reduced Li 4 Ti 5 O 12 electrodes, Ti 3+ is prone to react with water traces and with ethylene carbonate. 32, 33 Therefore, it is actually difficult to follow the course of the redox processes involving Ti species. Besides, a quite reversible process occurs also below 1.5 V (reduction peak at 0.4 V/Li + /Li, then oxidation peak at 1.3 V/Li + /Li) for all samples. The corresponding coulombic balance and other results related to the reduction of TiS 2 indicate that the latter corresponds to the Ti 3+ /Ti 2+ redox reaction. 34, 35 The first galvanostatic cycle in the 1.5-3.2 V/Li + /Li potential window is presented in Figure 2d 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 16 one expected from the initial Li 1.0 TiO 0.3 S 2.0 composition. The use of a denser 'LiTiS 2 ' target actually allows enhancing the kinetics of erosion of the target surface at the expense of its oxygenation (poisoning) during the sputtering process, hence is a means of moving to a less reactive sputtering mode and preserving reduced titanium species. 36 On the basis of the initial composition of the films and the charge balance, and assuming that Ti 3+ These values are actually in good agreement with the experimental ones, both concerning the full charge capacity and the distribution of the cation-and anion-based redox processes in the R3 film.
Finally, first charge volumetric capacities of thin films prepared from R1 and R3 targets are quite identical (220 mAh g -1 or 64 µAh cm -2 µm -1 ) and significantly higher than the one of the films prepared from the R2. They are close to the capacity reported for LiCoO 2 thin films. 13 As only this initial charge capacity can be actually used in a Li-ion system, additional electrochemical characterizations in solid state microbatteries were only performed on thin films having the highest capacities (i.e. R1 and R3 thin films). Moreover, these thin film electrodes illustrate respectively the case of electrode materials involving either the larger or the lower amount of sulfide species in the redox process. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 All-solid-state Li/LiPON/Li x TiO y S z thin film batteries were then manufactured to study the electrochemical behavior of both Li x TiO y S z materials prepared from R1 and R3 targets (Figure 4) .
The stability of the voltage curves (shape and capacity value) versus cycles during constant current cycling in the 1.5 -3.2 V/Li + /Li range ( Figure 5 ) highlights the perfect reversibility of the electrochemical processes in any case, whatever the current density. From both sample curves, it appears that the polarization is very low in the part of the curve involving the Ti 3+ /Ti 4+ cation-based process, whereas it is greatly increased in the part involving mainly the S 2-/S 2 2anion-based process.
This evolution is likely to originate from a marked decrease in the electronic conductivity in the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 18 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 20 accumulation occur. Then, from 90% to 100% SOC, a new contribution appears and grows to become rapidly far larger than the electrolyte contribution. When discharging the cell, a reverse evolution is observed with the rapid fade of this additional contribution. Besides, as revealed in Figure 6a and Figure 6d , the characteristic frequency of the additional component is decreasing when the SOC is increasing (and vice versa). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 21
This contribution that could have been related to the formation of an interphase at the LiPON/Li x TiOS interface at the highest voltage values, is therefore more likely induced by a sharp increase of the charge transfer resistance at this interface when the electrode material is almost fully oxidized. 37 This is the phenomenon that actually hinders the complete delithiation of the material during charges carried out at high current rates (Figure 5a ). A similar trend was also observed for Li/LiPON/LiTiOS (R3) cells.
In addition, calculation of the lithium diffusion coefficient ‫ܦ(‬ ෩ శ ) in Li x TiO 0.5 S 2.1 (0 < x ≤ 1.6) materials was carried out by processing the Warburg part of these EIS spectra, using the method proposed by Huggins and al. and a fixed value of the molar volume (V M ) corresponding to 1T-TiS 2 . 38 Thus, ‫ܦ‬ ෩ శ was found to increase regularly from 10 -12 to 10 -9 cm 2 .s -1 from the fully delithiated state to the Li 1.6 TiO 0.5 S 2.1 composition (Figure 7b ). Examining these EIS results and other ones previously obtained for TiO 0.6 S 1.6 sputtered films (i.e. containing ~ 0.2 S 2 2in the starting material), 18 it appears that in both cases a large decrease of ‫ܦ‬ ෩ శ (from 10 -10 to 10 -12 cm 2 s -1 ) is observed concomitantly with the increase of the S 2 2pairs concentration. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 23 discharged states. The latter has obviously no detrimental effect on the cycling behavior of these microbatteries. 
Conclusion
Lithiated titanium oxysulphide thin film electrodes were prepared by sputtering from home-made targets having a LiTiS 2 composition. Target precursors, manufacturing process and the resulting compactness of the target were all found to clearly influence the composition of the films, hence their electrochemical behavior in all-solid-state microbatteries. Variations in the composition of the thin films are mainly related to the lithium content and the oxygen uptake during the sputtering process. While the first one directly influences the practical capacity of the electrode in a Li-ion system, the latter mainly determines the nature of the electrochemical processes occurring during the delithiation of these materials. Indeed, oxygen incorporation in the film proceeds with the oxidation Page 23 of 31 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   24 of Ti species originally present in the target into Ti 4+ . As a consequence, it is observed a tendency to diverge from the LiTiS 2 targeted film composition towards LiTiO 0.5 S 2 . That initiates the participation of an increasing amount of anion species to the redox process (S 2-/S 2 2couple) at the expense of the Ti 3+ /Ti 4+ process, inducing a progressive increase of both the mean operating voltage and the polarization. The use of targets having high compactness, as the ones prepared by SPS, is actually a promising means to achieve a better control of the process, hence of the composition of the films.
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Finally, amorphous lithiated titanium oxysulphide thin film electrodes embedded in all-solid-state lithium microbatteries were able to deliver capacities as high as 85 µAh cm -2 µm -1 (or 270 mAh g -1 ), of which a useful part of 65 µAh cm -2 µm -1 , i.e. the same as for LiCoO 2, is actually usable in the prospect of an integration in a Li-ion cell. 11 Operation involving cation and/or anion-based redox processes revealed in any case the perfect reversibility of the latter and an excellent capacity retention (-0.0015% cycle -1 ) during several hundreds of cycles. Contrary to LiCoO 2 , the synthesis of these high capacity lithiated thin film electrodes does not require any annealing nor careful control of the preferred crystal orientation, 13, 44, 45 hence is simple and is interestingly compatible with the deposition on flexible polymer substrates. Finally, taking into account the facile oxidation of Ti 3+ during the sputtering process and the perfect reversibility of the anion-based redox process, the preparation of thin electrodes from Li 2 S-TiS 2 target compositions appears as a promising prospect. 46
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